Fourier transform microwave spectroscopy has been used to investigate vibrational excitation and relaxation of diatomic molecules produced by an electric discharge in the throat of a supersonic nozzle. Rotational transitions of SO, SiO, and SiS, in vibrational 
Si 34 S have also been observed in highly excited vibrational states. Microwave transitions include up to vϭ22 for the second lowest excited electronic state b 1 ⌺ ϩ of SO ͑ϳ10 510 cm Ϫ1 above ground͒ have also been detected. Effective vibrational temperatures have been derived for each species, and a general model is proposed to qualitatively explain the observations. Vibrational excitation is caused by inelastic collisions with the hot electrons produced in the discharge. The subsequent vibrational populations are largely determined by vibration-vibration energy transfer via molecule-molecule binary collisions. Two regions can be inferred from the data: one characterized by a temperature of around 1000 K and a second region with a temperature of several thousand degrees Kelvin. Improved Dunham coefficients and correction terms for the breakdown of the Born-Oppenheimer approximation have been determined for b 1 ⌺ ϩ SO, X 1 ⌺ ϩ SiO, and X 1 ⌺ ϩ SiS. Nuclear spin-rotation hyperfine structure for the 29 Si isotopic species of SiO 
I. INTRODUCTION
Supersonic molecular beams are a powerful tool for the study of transient species which can be produced efficiently in the throat of a nozzle and then studied by various spectroscopic techniques downstream in the collision-free region of the expansion. Because of its high sensitivity and resolution, Fourier transform microwave ͑FTM͒ spectroscopy has become one of the most widely used techniques to detect the rotational spectra of molecular systems such as weakly bound complexes, 1,2 refractory metal halides, 3 reactive carbon chains and rings, 4 and protonated molecular ions. 5, 6 In this laboratory, molecular beam FTM spectroscopy together with electric discharges has been used to study nearly 100 new reactive molecules of astrophysical interest 4 during the past six years. In the course of these investigations, rotational satellite transitions from excited vibrational states of several new species have also been detected, some accidentally. The second lowest-frequency bending mode of SiC 4 , for example, was recently observed, 7 as well as the second lowestfrequency bending vibration and the two highest-frequency stretching modes of SiC 2 S. 8 To better understand the vibrational excitation and relaxation processes in our molecular beam discharge, we have undertaken a systematic study of the rotational spectra of several diatomic and small polyatomic molecules. The polyatomic data will be described elsewhere. 9 Here, we report the results for three diatomics: SO, SiO, and SiS. These molecules were chosen because they are produced in fairly high abundance in the adiabatic expansion after the application of dc electric discharges to gas mixtures of the right precursor gases. Partly because of their astrophysical importance, SO, SiO, and SiS have been widely studied using a number of spectroscopic techniques and their molecular constants are known to high accuracy, making identification of their excited vibrational states fairly straightforward.
The effect of electric discharges in vibrational excitation, relaxation, and energy transfer of diatomic molecules has been the subject of numerous studies, 10 especially so because of the importance of these processes for the operation of CO lasers, 11 where the population inversion depends on the vibrational distribution of the diatomic molecules after excitation in a discharge. It is also of interest for plasma diagnosis ͑see, for example, Ref. 12͒, since plasma properties can be estimated from molecular emission lines if the vibrational distribution in the ground and excited electronic states is known, and in combustion processes, for which it has been suggested that vibrationally excited species produced in the a͒ Current address: Departamento de Química Física, Facultad de Ciencias, Universidad de Valladolid, Prado de la Magdalena, s/n, 47005 Valladolid, Spain. Electronic mail: msanz@cfa.harvard.edu; mesanz@qf.uva.es electric discharge significantly contribute to promotion of combustion mechanisms. 13 Vibrational relaxation of diatomics in molecular beams has been investigated by electric resonance spectroscopy 14, 15 and laser-induced fluorescence. 16, 17 In these studies, excited vibrational states of several alkali halides and iodine seeded in beams of different gases ͑monoatomic, diatomic, or polyatomic molecules͒ were observed, but only up to vр5 in the electronic ground state. These studies covered a wide range of experimental conditions, and, although restricted to the lowest-lying vibrational levels, they showed that vibrational relaxation in supersonic expansions is dominated by collisions with the diluent gas, and is sensitive to source pressure and temperature.
There have been few investigations of vibrational distributions in supersonic beams excited by an electric discharge. In one such study, vibrationally excited NO ͑up to vϭ18) has been investigated by means of a TOF-REMPI experiment. 18, 19 The vibrational temperature was found to be highly dependent on the stagnation pressure; for a pressure of 3 bar ͑2.25 kTorr͒, a vibrational temperature of 6700 Ϯ700 K for 6ϽvϽ18 was calculated-very similar, as it will be seen, to the temperatures derived here.
In this paper we present measurements of highly excited vibrational states (vϾ30) of SO, SiO, and SiS in a dc electric discharge molecular beam source under various experimental conditions. A qualitative model for the processes involved in vibrational excitation and relaxation is proposed. Inelastic collisions with the electrons produced in the discharge efficiently couple much of the electron kinetic energy, characterized by temperatures of the order of 10 4 K, into vibrational excitation. Vibrational relaxation occurs mainly via vibration-vibration ͑VV͒ energy transfer, which redistributes the energy up and down the vibrational ladder, giving rise to two distinct regions: one for the lowest-lying vibrational levels, at temperatures around 1000 K, and another region for higher vibrational states where temperatures of several thousand degrees K are achieved.
The detection of very highly excited vibrational states for the three diatomics here allowed us to derive new spectroscopic data for SiO, SiS, and the second lowest-lying excited electronic state (b 1 ⌺ ϩ ) of SO. Dunham-type expansions were employed to fit the measured transitions, and new and improved Dunham coefficients together with BornOppenheimer breakdown correction terms were obtained. The high resolution and sensitivity of molecular beam FTM spectroscopy enabled us to observe the spin-rotation hyperfine structure ͑hfs͒ for highly excited vibrational states of the 29 Si isotopomers of SiO and SiS. Spin-rotation constants were derived and their vibrational dependence determined.
II. EXPERIMENT
Rotational spectra have been measured with a molecular beam FTM spectrometer described elsewhere; 20, 21 this instrument currently operates in the 5-40 GHz frequency range and incorporates a pulsed-discharge nozzle whose geometry and electrical characteristics have been adjusted to produce small reactive molecules in high abundance. As shown in Fig. 1 , the nozzle consists of a commercial solenoid valve with a 1 mm diameter orifice and alternating layers of copper electrodes and Teflon insulators, each a few millimeters thick. It is located in the center of one of the large mirrors of the Fabry-Pérot resonator of the spectrometer.
The supersonic beam is produced by the adiabatic expansion of various precursor gases diluted in either He or Ne at backing pressures of typically 2.5 kTorr ͑3.3 atm, Pd ϭ250 Torr cm). As the pulsed beam expands, a low-current electric discharge is produced synchronously with the gas pulse in the throat of the nozzle by applying a dc voltage to one of the copper electrodes. After the gas pulse has expanded to fill the Fabry-Pérot cavity of the spectrometer, the molecules under study are polarized by a short ͑1 s͒ microwave pulse, which is coupled into the cavity by a small antenna. Molecular emission as a function of time is subsequently detected with a superheterodyne receiver and Fourier transformed to obtain the power spectrum.
Vibrational cooling in a supersonic nozzle depends on a number of experimental parameters, including backing pressure, buffer gas, discharge current, and the geometry of the nozzle, so care was taken to use a fairly uniform set of experimental conditions in our experiments. The same rotational transition has been measured for each vibrational state; the cavity Q and amplifier gains are constant to about 15% over the frequency range of the vibrational shifts, which are generally less than 10 GHz. Care was also taken to use the same microwave power for each measurement, and relative intensities were derived from several measurements for each vibrational state ͑averaging peak heights͒. Finally, it should be emphasized as a check that ͑i͒ the intensity data for nearly all of the species studied here are well-described by a Boltzmann distribution implying that systematic intensity uncertainties are small ͑assuming that the dipole dependence of the vibrational ladder is either known or assumed to be constant with v); ͑ii͒ similar vibrational temperatures were derived for the normal and less abundant isotopic species; and ͑iii͒ the vibrational temperature of SiO measured here ͑ϳ9500 K for the parent isotopic species͒ agrees ͑surpris-ingly͒ well with that measured in our free-space cell previously ͑ϳ10 000 K͒. 22 All three diatomic molecules have been produced with discharge voltages that optimize the intensity of their vibra- tional ground-state lines. The duration of the gas pulse employed was typically 350-400 s, which corresponds to flow rates of 15-25 sccm at the 6 Hz repetition rate of the nozzle, yielding a typical background pressure in the vacuum chamber of 5ϫ10 Ϫ6 Torr. Typical rotational temperatures in our free expansion are 3 K. All lines exhibit Doppler splitting into two well-resolved components, owing to the coaxial alignment of the molecular beam with the direction of propagation of the microwave radiation. Experimental conditions used to observe the three diatomic molecules ͑precursor gases and voltages employed͒ are given in Table I .
III. RESULTS
A. Analysis of the rotational spectra
Sulfur monoxide
The large spin-spin interaction (ϭ158 GHz 23 ͒ in SO brings several of its rotational transitions within the band of our spectrometer, including the intense N J ϭ0 1 →1 0 transition at 30 GHz. This radical has been previously observed using molecular beam FTM spectroscopy by at least three other groups, but only excited vibrational states to vϭ2 in the X 3 ⌺ Ϫ electronic state have been previously reported. 24 -26 By using other techniques, such as millimeterwave spectroscopy in combination with dc electric discharges or UV-laser photolysis, SO has been observed in higher excited vibrational states, ranging up to vϭ17, v ϭ13, and vϭ11 for the Extensive rotational and vibrational data are available for the SO radical in the ground electronic state, 23, 27 including molecular constants and the Born-Oppenheimer breakdown correction terms, which have been derived via global fits of all isotopic species incorporating large numbers of SO transitions. It is mainly because of this large body of work that no attempt is made here to rederive spectroscopic contants or Dunham coefficients for SO on the basis of our new data. Our results, however, may still be of some value. In combination with previously published frequencies, it should be possible to determine additional higher-order constants for the normal species because frequencies of rotational transitions determined from FTM spectroscopy are generally accurate to a few kHz-about a factor of 10 more precise than most previously reported measurements-and because the present data probe the SO potential at twofold higher vibrational energies than that probed previously by UV-laser photolysis of Cl 2 SO. 31 This program simultaneously fits data from all isotopic species to determine the Dunham coefficients Y i j and the Born-Oppenheimer breakdown correction terms ␦ i j of a selected reference isotopomer ͑usually the most abundant one, for which more experimental data are generally available͒, using the expansion: 31 
where ␣ refers to a given isotopic species and 1 indicates the reference isotopomer. The Dunham parameters for isotopic species other than the reference species are readily calculated from the relation: 31 ,32
.
͑2͒
Additional details of the fit, the merits of using this type of expansion, and the relation of the Y i j terms to the massindependent parameters U i j are discussed in Refs. 31 and 32. The fit for the b 1 ⌺ ϩ state of SO includes all of the measured rotational transitions, with assigned uncertainties of 2 kHz ͑present work͒, 20 kHz ͑Ref. 30͒, and 50 kHz ͑Ref. 23͒. The resulting Dunham coefficients are given in Table II , together with the values of the equilibrium distances of both isotopic species, derived from the standard relation
where is the reduced mass. Two new parameters, Y 61 and the ␦ 01 S correction term for the sulfur nucleus, were required in the global fit to obtain an rms comparable to the estimated uncertainty of the measurements. Correction terms for the breakdown of the Born-Oppenheimer approximation for the oxygen atom could not be determined since there are presently no experimental data for its rare isotopic species.
Silicon monoxide
The microwave and infrared spectrum of SiO has been extensively studied by a number of techniques.
22,33-37
Mollaaghababa et al. 22 detected rotational transitions in excited vibrational states up to vϭ40 of the 1 ⌺ ϩ electronic ground state by millimeter wave spectroscopy in a glow discharge free-space cell. The infrared emission spectrum of the parent isotopic species has been measured up to vϭ13 →12, 36 and refined Dunham coefficients were derived from a global fit of the available infrared, microwave, and millimeter-wave data. Data on the Si atom were insensitive to the breakdown of the Born-Oppenheimer approximation; that plus the lack of isotopic information on the oxygen atom prevented a determination of the Born-Oppenheimer breakdown correction terms. The microwave spectrum of the 18 O isotopic species in the ground vibrational state was, however, later reported by Cho and Saito. 37 Investigation of vibrationally excited SiO was further stimulated by the prospects of improving its spectroscopic contants and determining the Born-Oppenheimer correction terms. The SiO molecule was produced in our molecular beam under the conditions summarized in Table I . In its vibrational ground state, only the lowest rotational transition at 43 GHz lies within the present frequency range of our spectrometer. This transition in vibrational excited states up to vϭ45, where its frequency is only 30 GHz ͑see Table IV 29 Si species exhibited hfs from the spin-rotation interaction of the 29 Si nucleus with the weak magnetic field generated by the rotation of the molecule ͑see Fig. 2͒ . In spite of the high spectral resolution, no vibrational dependence of the nuclear spinrotation coupling constant C I could be discerned. The hyperfine components of all vibrational states were simultaneously fit with Pickett's program 38 to determine the rotational constant B v of each vibrational state and a common ͑to all vibrational states͒ spin-rotation coupling constant C I ϭϪ0.021 40(34) MHz ͑rms deviation ϭ0.9 kHz). The B v rotational constants determined from the fit agree with the corresponding values derived from the Dunham parameters ͑Table III͒ to 0.0003% in the worst case.
The transitions measured here were also fit together with all previously reported data to the Dunham-type expansion of Eq. ͑1͒ by means of the DSPARFIT program described in Sec. III A 1. 31 The different data sets were assigned the following uncertainties: 100 kHz for the microwave data of Törring 33 and Manson et al., 34 20 kHz for that of Cho and Saito, 37 30 kHz for that of Mollaaghababa, 22 and 2 kHz for the present FTM measurements. The infrared measurements 36 were kindly provided by Bernath with their corresponding uncertainties, and added to the fit. The Born-Oppenheimer approximation on both the silicon and oxygen nuclei ͑Table III͒. Equilibrium distances r e have also been derived from the Y 01 ͓see Eq. ͑3͔͒ for each isotopomer.
Silicon sulfide
SiS, isovalent with carbon monoxide and also an important astronomical molecule, is apparently a key starting point in the synthesis of silicon-containing molecules in the circumstellar shell of IRCϩ10216. 39, 40 The infrared vibrationrotation spectrum of SiS has been detected by Bernath et al., 41 who observed several vibrational bands of different isotopic species and derived a set of Dunham constants and correction terms for the breakdown of the BornOppenheimer approximation. The microwave spectrum of SiS has been reported previously only up to vϭ4 and Jϭ3 →2. 42 The two lowest-frequency rotational transitions of X 1 ⌺ ϩ SiS lie within the frequency range of our spectrometer. Under the conditions given in Table I 29 Si species exhibit spinrotation hfs, similar to that of 29 SiO ͑see Fig. 3͒ . There is again no evidence for vibrational dependence of the spinrotation constant C I . Hyperfine components from all vibrational states were fit simultaneously to yield B v , D v , and a common value of the C I spin-rotation coupling constant using Pickett's program SPFIT. 38 The derived C I is Ϫ0.010 39͑21͒ MHz ͑rms deviation ϭ1.8 kHz). The B v rotational constants determined from the fit agree with the corresponding values derived from the Dunham parameters ͑Table IV͒ to 0.0006% in the worst case.
Our microwave measurements together with the infrared transitions 41 were included in a global fit to determine a new set of Dunham coefficients and the terms describing the breakdown of the Born-Oppenheimer approximation ͑see Table IV͒ , using 2 kHz uncertainties for the microwave measurements and the stated uncertainties for the infrared data. 41 As before, unperturbed frequencies for 29 SiS were calculated from the intensity-weighted averages of the spin-rotation components. Three new Y i1 parameters have been determined ͑Table IV͒.
B. Vibrational populations

Silicon sulfide
The two lowest-J rotational transitions of SiS have been measured to vϭ51 under the experimental conditions shown in Table I , and effective vibrational temperatures were calculated as the inverse of the slope from linear fits of the Napierian logarithms of the observed intensities for each vibrational state relative to the vibrational ground state. No experimental data on the dependence of the dipole moment with v are available, but ab initio calculations 43 have yielded values for e and the first coefficient of the power series expansion of the dipole moment in (vϩ1/2). Using this dependence, the intensities of the rotational transitions of the excited vibrational states have been corrected for variations in the dipole moment. The plots of Fig. 4 seem to indicate the existence of two distinct vibrational temperatures: one at low v, with temperatures approximately in the range 1000-2000 K, and one at vϾ6 with temperatures in the 5000-6500 K interval ͑Table V͒.
The observations can be simply understood in terms of the competing energy transfer processes in the supersonic expansion following the discharge. These processes are exactly analogous to what occurs in CO lasers, 11 so only a brief description is provided here. Vibrational excitation of SiS is mainly caused by inelastic collisions with electrons whose kinetic temperature is in the vicinity of ϳ10 000 K. 44 Each molecule typically undergoes on the order of 10 2 -10 3 binary collisions with other molecules ͑mainly with the atomic carrier gas͒ in a supersonic expansion, 45 which is insufficient to cool the high-frequency vibrational modes of a diatomic molecule to a temperature close to the translational temperature of the gas. However, vibration-vibration ͑VV͒ energy transfer involving collisions of two diatomic molecules plays an important role in the vibrational distribution. VV processes dominate vibration-translation ͑VT͒ transfer at low vibrational levels, causing a rapid redistribution of the energy by transferring population up the vibrational ladder, a redistribution which is aided by the anharmonicity of the potential as exothermic processes are preferred
Rate k 1 ͑exothermic͒ will be greater than rate k 2 ͑endother-mic͒ by a factor exp(⌬E/RT), which causes an asymmetrical distribution of the vibrational population. The few lowest vibrational levels are thereby cooled to a temperature considerably lower than that of the electrons ͑Treanor region͒. 46, 47 As the vibrational quantum number increases, VV transfer becomes less efficient, resulting in a region with a relatively flat vibrational distribution, and a vibrational temperature which approaches the electron temperature ͑Plateau region͒. At even higher vibrational quantum numbers, for states approaching dissociation, VT energy exchange rates are dominant and the vibrational temperature rapidly decreases, so that a vibrational population distribution is established in approximate equilibrium with the local translational temperature ͑Boltzmann region͒.
The vibrational temperatures obtained from both of the observed transitions of SiS are very similar, which is evidence of rotational equilibrium ͑Table V͒, and the different isotopic species show similar vibrational temperatures as well. Since vibrational frequencies differ slightly for the several isotopomers, it is expected that VV energy transfer will tend to heat up the rare isotopic species ͑with lower stretching frequencies͒ with respect to the normal species. This tendency can be marginally inferred from the temperatures for SiS of Table V and Fig. 4 in the Plateau region.
Sulfur monoxide
Vibrational temperatures for 32 S 16 O in its ground electronic state were derived from the relative intensities of the rotational transition N J ϭ0 1 →1 0 in vibrational levels up to vϭ33, in the same way as for SiS. The measurements were done with a discharge of OCS in Ne at a voltage of 1100 V (Iϭ24 mA). The plot ͑see Fig. 5͒ marginally suggests the existence of two different vibrational temperatures: one at low v with TϷ1785 K, and one at vϾ3 with Tϭ10 120 Ϯ590 K. This break, if real, is very similar to that observed for vibrationally excited SiO measured by millimeter-wave spectroscopy in a dc glow discharge of silane (SiH 4 ) and CO, 22 for which temperatures of 1000 K from vϭ0, 1 and 10 000 K from vibrational states up to vϭ40 were derived.
Because more intense signals of SO were observed when SO 2 was used as a precursor gas, additional experiments were carried out to detect vibrationally excited SO in a discharge of SO 2 in either Ne or He at various voltages. For each set of experimental conditions, vibrational temperatures were similar ͑see Table VI and Fig. 5͒ , with the lowest vibrational levels having a vibrational temperature close to 1000 K, and the higher ones temperatures of several thousand degrees K. Vibrational temperatures in this latter region do not depend significantly on the carrier gas used ͑i.e., He or Ne͒, but they are apparently somewhat lower-by about 30%-than those obtained when the SO is produced in an OCS discharge ͑see Table VI͒ . This discrepancy is plausibly the result of the production of CO in the OCS discharge, as discussed below. From spectroscopic investigations of OCS in a glow discharge, it was concluded that at low average discharge currents (IϽ50 mA) the main reaction is decomposition of OCS to give COϩS. 48 As the current rises, however, there is an increase in the smaller concentrations of CS and SO which are formed via more complex secondary reaction paths. The chemical composition of the OCS discharge is determined almost entirely by the average current over a very wide range of experimental conditions. 48 The OCS discharge was studied by monitoring the intensity of the OCS and SO transitions in the ground vibrational state over a range of discharge currents. All measurements were performed with the same percentage of OCS in Ne as that used for the X 3 ⌺ Ϫ SO measurements. The other diatomics produced in the discharge, CO and CS, could not be monitored because their lowest rotational transitions lie above the frequency range of our spectrometer. Comparison of our results ͑see Fig. 6͒ with those of Ref. 48 suggests that our operating conditions correspond approximately to those of a glow discharge with IϽ50 mA, where the CO abundance is considerably higher than that of SO.
A significant amount of CO in our discharge means that VV energy transfer between CO and SO may be important. Theoretical models 47 predict different vibrational temperatures for a gas mixture of the two, with the VV energy transfer favored towards low vibrational states of the diatomics with higher vibrational frequency ͑yielding a lower vibrational temperature͒, and towards high vibrational levels of the molecule with lower vibrational frequency, as exothermic processes are more likely to occur. CO has a vibrational frequency e ϭ2170 cm Ϫ1 , 29 while that of SO is e ϭ1149 cm Ϫ1 . 29 Therefore, VV exchange between these two molecules will heat the SO vibrational ladder and cool down that of CO; a similar argument was proposed for SiO in a SiH 4 ϩCO glow discharge. 22 The vibrational temperatures of the two diatomic molecules in the mixture ͑i.e., SiO and CO in one case, SO and CO in the other͒ depend on the difference in their vibrational frequencies. SiO has e ϭ1242 cm Ϫ1 , 29 very close to that of SO, and, as expected, the vibrational temperatures derived for both diatomics when CO is present in either a pulsed discharge or a glow discharge are nearly the same.
Observations of the second lowest-lying electronic excited state b 1 ⌺ ϩ of SO are possible in an electric discharge such as ours, because relaxation via electric dipole transitions to the first electronic excited state a 29 ͒, which will cause a slightly more pronounced decrease in the electric dipole moment as the vibrational quantum number increases-an effect which is not expected to significantly alter the vibrational temperatures.
Given the uncertainties in the data, the vibrational temperatures of SO in an SO 2 discharge are essentially the same as those found for SiS. The vibrational frequency of SiS ͓ e ϭ749.6 cm Ϫ1 ͑Ref. 29͔͒ is only 2/3 of that of either SO or SiO, but still well above kT, with TϷ300 K the temperature behind the nozzle. Further research on diatomics with lower values of e would be worthwhile to determine what vibrational temperatures are attained, and how VV and VT rates depend on vibrational frequency.
Silicon monoxide
Effective vibrational temperatures for SiO ͑Table V͒ were derived as for SiS and SO from the relative intensities of the rotational transitions in highly excited vibrational levels. Because rotational transitions from the lowest-lying vibrational states of 28 Si 16 O are at 43 GHz-near the top of the frequency range of our spectrometer, where line intensities are least reliable-only excited vibrational states with vϾ7 were used to calculate the vibrational temperature. The change of the electric dipole moment with v was determined from extrapolation of the dipole moments of the first four vibrational levels. 35 The vibrational temperatures derived for the three isotopic species are very similar ͑Table V͒. They are all lower than those calculated for either SO or SiO in the presence of CO, but higher than those of SO in an SO 2 discharge. Because O 2 is used as a precursor gas, its abundance in our discharge is expected to be several orders of magnitude higher than that of SiO, and thus O 2 -SiO collisions become important. The vibrational frequency of O 2 ( e ϭ1580.2 cm Ϫ129 ͒ exceeds that of SiO, so VV energy exchange between O 2 and SiO will tend to heat the SiO vibrational ladder in an analogous manner to that described above for SO in the presence of CO. O 2 is a nonpolar molecule, so that collision efficiency diminishes, and the difference between the vibrational frequencies of SiO and O 2 is smaller than that between SiO and CO. Consequently, the SiO vibrational temperature might be expected to be somewhat lower than that in the presence of CO-as observed.
IV. DISCUSSION
A. Born-Oppenheimer breakdown parameters
The Born-Oppenheimer breakdown correction terms have been determined for the two nuclei of the SiO and SiS diatomic molecules. To compare the results with those of other molecules, the ␦ i j parameters obtained from LeRoy's program are transformed to the traditionally used dimensionless coefficients ⌬ i j via the expression 31 ,32
where 1 indicates the reference isotopomer and
The calculated ⌬ i j 's are shown in owing to the nonspherical distribution of the electrons in their shells, is, as expected, the most important one in SiO and SiS ͑see .
͑8͒
These bond lengths are isotopically dependent and would correspond to the minimum of the adiabatic potential-the Born-Oppenheimer potential plus the adiabatic correction.
54
They are thus very similar to the r e BO 's ͑see Table VII͒ .
B. Vibrational dependence of spin-rotation constants
The measurement of magnetic hfs in highly excited vibrational states is an interesting by-product of the present work. For the 29 Si isotopic species of SiO and SiS, the spinrotation constant C I was determined up to vϭ26 and 29, respectively, which provides information on the molecular electronic distribution that is otherwise not readily available for a molecule with a 1 ⌺ ϩ electronic ground state and no hfs in the absence of molecular rotation.
Nuclear spin-rotation depends on the molecular magnetic field, which arises from the rotation of the nuclear charges and from the rotation-induced second-order interaction of excited electronic states having nonzero orbital angular momentum with the ground electronic state. For a diatomic molecule these two contributions are usually expressed as:
where e and m are the charge ͑positive͒ and the mass of the electron, respectively, N is the nuclear magneton, g I is the nuclear g factor of the ith nucleus, B is the rotational constant, R the internuclear distance, Z l the atomic number of the other nucleus in the diatomic molecule, and ͗0͉ and ͉k͘ designate the ground and excited electronic states. The rotational constant is expected to decrease with increasing vibrational excitation. However, the magnetic and dipole moments, and the efficiency of the excitation of the valence electrons in higher vibrational levels 57 also change with v. Because the relative contributions of these several effects are somewhat difficult to predict, the variation of C I with v is not readily determined. Contradictory results have been obtained: the spin-rotation constant for the fluorine atom decreases in absolute value with vibrational quantum number in BrF and IF, while it increases in HF. 56 To our surprise, our hyperfine measurements indicate that C I is independent of the vibrational excitation for both 29 SiO and 29 SiS. The contribution of C I nucl , however, has been evaluated for both diatomics and found to decrease by ϳ25%, from 1.93 kHz for vϭ0 to 1.44 kHz for vϭ26 in 29 SiO, while in 29 SiS it decreases by ϳ20%, from 1.26 kHz for vϭ0 to 1.00 kHz for vϭ29. Since C I is of the order of 10-20 kHz, it is clear that the electronic contribution to C I is dominant.
C I el also varies with vibrational quantum number, decreasing in absolute value by ϳ2% from vϭ0 to vϭ26 for 29 SiO and vϭ29 for 29 SiS, counteracting the change in C I nucl . Variations in C I el are affected by the change in the rotational constants B, which decreases with vibrational quantum number. However, C I el /B increases by ϳ19% for 29 SiO and by ϳ14% for 29 SiS from the ground vibrational state to the highest vibrational level detected, so the change in B alone does not explain the C I el variation. To properly evaluate the vibrational dependence of the spin-rotation constants, it is necessary to include vibrational and centrifugal distortion effects, 58 which are neglected in the usual theoretical treatment of the spin-rotation ͓Eq. ͑4͒ results from averaging over the ground vibrational state with the nuclei at the equilibrium distance͔. The complete expression for the spin-rotation constant of a nucleus i in a diatomic molecule valid at any internuclear distance is
where r in and l in are the position and angular momentum of electron n relative to nucleus i, M is the proton mass, and C I acc is a relativistic correction arising from the acceleration of the nuclei, expressed in terms of R 0i , the distance of the nucleus i from the molecular center of mass, and R 0i , its second time derivative. The increase in C I el /B along the vibrational ladder derived above for both 29 SiO and 29 SiS is in fact the variation with vibrational quantum number ͑and hence with internuclear distance͒ of R 0i R 0i and the sum in C I el . C I acc for the nucleus i can be calculated for each vibration-rotation state vJ using the Dunham potential for Jϭ0 as Because the nuclear spin-rotation constant and paramagnetic shielding are closely related quantities, vibrational and centrifugal distortion contributions are important to obtain magnetic shielding constants for the nonvibrating molecule at the equilibrium internuclear distance and to estimate with these NMR chemical shifts. Corrections for vibrational and centrifugal distortion effects are especially significant if comparisons are to be made between isotopic species of the same compound.
C. Vibrational relaxation
Excited vibrational states have been detected to as high as 71% of the dissociation limit in SO, 66% in SiO, and 61% in SiS. It is worth noting that the highest vibrational levels observed here for X 3 ⌺ Ϫ and b 1 ⌺ ϩ of SO have approximately the same energy above ground. For the three diatomics here, even when a large fraction of the potential well has been sampled, no steep decrease in the intensity of the rotational transitions within the highest vibrational levels was observed, which suggests that VT exchange is still less important than VV energy transfer. Detection of yet higher vibrational states, closer to the dissociation limit, is probably required to observe the Boltzmann region predicted by theoretical models. 46 The close similarity of the vibrational distribution in our molecular beam and that in the glow discharge of Ref. 22 is strong evidence of the predominance of VV energy transfer when the vibrational levels are very strongly excited, as in an electric discharge. This similarity also indicates that the electron temperature achieved in the two discharges is about the same. The VT exchange between the diatomic molecules and the atomic buffer gas in the molecular beam is clearly too slow to dissipate the energy excess via the lowest vibrational energy levels on the time scale of the experiment, and this fairly slow deactivation mechanism is overcome by the much more rapid VV exchange. Because VV transfer is so important in determining the vibrational temperature, it is not surprising that no significant change is observed when He is used instead of Ne as the carrier gas. The slight difference may result from differences in ionization efficiencies ͓4.6 ϫ10 Ϫ2 for He versus 5.6ϫ10 Ϫ2 for Ne ͑Ref. 44͔͒ or ionization potentials ͑24.6 eV versus 21.6 eV 59 ͒. Relaxation of molecular vibration depends on the number of binary collisions in the supersonic expansion and on the vibrational frequencies, the high-frequency vibrations generally requiring many more collisions than the low ones for relaxation to occur. The total number of binary collisions in the throat of the supersonic expansion (ϳ10 2 -10 3 collisions͒ is below the number required to relax the vibrational modes of most diatomic molecules, such as those studied here. It would be useful to examine how varying the backing pressure and hence the collision rate downstream changes the vibrational distribution. For alkali halides 14, 15 and I 2 , 16,17 the vibrational relaxation increases with pressure for vр5 in the absence of an electric discharge. Similar investigations for diatomic molecules in a molecular beam discharge source like that here might allow changes in vibrational populations to be observed over many levels.
The three diatomics here possess vibrational modes with fundamentals far above kT ͑T being Ϸ300 K, the temperature behind the nozzle͒ and similar vibrational temperatures. For NO, with e ϭ1904.2 cm Ϫ1 , 29 a vibrational temperature of 6700Ϯ700 K for vϭ6 -18 has been derived 19 after applying an electric discharge of 1150 V to a supersonic expansion of 5% NO in He at 2.25 kTorr, in excellent agreement with our results. Investigations of diatomics with vibrational frequencies around or below kT will be desirable to test the validity of the proposed model for those molecules. Among them, I 2 has a vibrational frequency only slightly above kT ͓ e ϭ214.5 cm Ϫ1 ͑Ref. 29͔͒ and its vibrational relaxation in a molecular beam after laser pumping to an electronically excited state has been investigated under various conditions. 16, 17 Vibrational temperatures were only derived for the vϭ0 -3 vibrational states of the ground electronic state, and these were found to be considerably lower ͑150-240 K for monoatomic diluents͒ than those derived in this work at low v-a possible indication that VT energy transfer is much more efficient in this molecule.
SO, SiO, and SiS are important astrophysical molecules. SO is widely distributed in galactic molecular clouds and has also been detected in the cores of star-forming regions ͑see Ref. 23 , and references therein͒. It is claimed that shock waves associated with star formation may form SO in highly excited states. SiO is well known astronomically as a source of highly compact and intense maser emission. Maser and nonmaser emission transitions from SiO, for the normal and rare isotopic species and in the ground as well as in excited vibrational states, have been used to probe physical and chemical conditions in space ͑see Ref. 37 , and references therein͒. SiS has been detected in several astronomical sources, [60] [61] [62] and it is believed to play an important role in the photodissociation chemistry of the rich circumstellar envelope of IRCϩ10216, 39, 40 where rotational transitions of SiS in the vϭ1 excited vibrational state have been observed. 63 Vibrationally excited states will be populated in space in sources with high temperatures or where collisions with electrons are important. Precise microwave frequencies for the rotational lines of many excited vibrational levels of these three diatomic molecules are provided here, and from these measurements and the derived molecular constants, transitions in the range of interest to radioastronomers can be calculated to the required accuracy ͑i.e., better than 1 ppm͒ to conduct precise astronomical searches.
Note added in proof. We recently became aware that Kim and Yamamoto ͓J. Mol. Spectrosc. 219, 296 ͑2003͔͒ in a parallel work detected SO in the b electronic state up to v ϭ22. Their results agree well with those presented here.
